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This article presents an analysis for pyrotechnic combustion and pin motion in the NASA Standard Initiator (NSI) actuated p i n puller.
T h e conservation principles a n d constitutive relations f o r a multiphase system a r e posed and reduced to a set of five ordinary differential equations which are solved to predict the system's performance.
T h e model tracks t h e interactions o f t h e unreacted, incompressible solid pyrotechnic, incompressible condensed phase combustion products, a n d g a s phase combustion products. Predicted pressure histories for t h e firing o f a n N S I into 1 ) t h e p i n puller device, 2 ) a 1 0 cm 3 closed vessel, a n d 3 ) a n apparatus known a s the Dynamic Test Device compare well with experimental results. A sensitivity analysis reveals large regions in parameter space where system performance is insensitive to particular parametric values; smaller regions of high sensitivity are also found.
Introduction
P YROTECHNICALLY actuated devices are used in numerous aerospace applications. Their ability t o rapidly deliver high pressures renders them the tool of choice to perform such functions as pulling pins, exploding bolts, and cutting cables.
I n order t o better design these devices, i t i s necessary t o understand t h e interaction between t h e combustion process a n d t h e operation o f t h e device; i n order t o quantify this understanding, it is necessary to develop models. Due to the many complexities associated with a comprehensive model (three dimensionality, time-dependency, complex reaction kinetics, etc.), simple models have been the preferred choice of many researchers.
1 " 4 These models often u s e chemical equilibrium calculations to predict the composition of the combustion products a n d model t h e combustion rate b y a simple empirical expression. They also require a number o f additional assumptions; e.g., a well-stirred constant volume reactor is typically simulated.
T h e focus o f this article i s t o present a methodology that can be used for modeling pyrotechnic combustion driven systems. Many of the assumptions listed above are adopted; additionally, the study is placed in the context of multiphase flow theory. 5 " 7 T h e primary advantage o f this approach i s that it offers a rational framework for 1) accounting for systems in which unreacted solids a n d condensed phase products form a large fraction of the mass and volume of the combined system, thus avoiding t h e restrictions o f t h e dusty g a s limit; a n d 2 ) accounting f o r t h e transfer o f mass, momentum, a n d energy both within a n d between phases.
T h e existing archival literature contains few, i f any, sources which model pyrotechnically-driven systems; we believe this article identifies a way in which pyrotechnic combustion modeling can be used to predict the behavior of simple devices which have important engineering applications.
T h e utility o f t h e methodology i s illustrated b y applying i t to a device which is well-characterized by experiments: the NASA Standard Initiator (NSI) driven pin puller. Figure 1 depicts a cross section of a pyrotechnically actuated pin puller in its unretracted state. 8 The primary pin, which will be referred t o a s t h e p i n f o r t h e remainder o f this article, i s driven by gases generated by the combustion of a pyrotechnic which is contained within the NSI. The NSI was originally developed as an initiator for solid rocket motors, but has been adapted for other tasks such as this. Two NSIs are tightly threaded into the device's main body. Only one NSI need operate for the proper functioning of the pin puller; the second is a safety precaution in the event of failure of the first. The pyrotechnic consists of a 114-mg mixture of zirconium fuel (54.7-mg Zr) and potassium perchlorate oxidizer (59.3-mg KC1O 4 ). Initially, a thin diaphragm tightly encloses the pyrotechnic. Combustion i s initiated b y t h e transfer o f heat from a n electric bridge wire t o t h e pyrotechnic. Upon ignition, t h e pyrotechnic undergoes rapid chemical reaction producing both condensed phase a n d g a s phase products.
T h e high-pressure products accelerate the combustion rate, burst the confining diaphragm, then vent through t h e port into t h e g a s expansion chamber. Once i n t h e chamber, t h e high-pressure g a s first causes a s e t o f shear pins t o fail, then pushes t h e pin. After t h e p i n i s stopped b y crushing a n energy absorbing cup, t h e operation of the device is complete. Peak pressures within the expansion chamber are typically around 50.0 MPa; completion o f t h e stroke requires approximately 0 . 5 ms.
8
This article gives 1 ) a description o f t h e model including both the formulation of the model in terms of the mass, momentum, and energy principles supplemented by geometrical and constitutive relations, a n d t h e mathematical reductions used to refine the model into a form suitable for numerical computations;
2 ) model predictions a n d comparisons with e xperimental results; a n d 3 ) results showing t h e parametric sensitivity of the model.
Model Description
Assumptions adopted for the model are as follows. As depicted in Figs. 2a and 2b , the combined system is taken to consist of three subsystems: 1) incompressible solid pyrotechnic reactants s, incompressible condensed phase products cp, and gas phase products g. The surroundings are taken to consist of an isothermal cylindrical vessel bounded on one end by a movable, frictionless, adiabatic pin. Mass can be transferred within t h e combined system from t h e solid p yrotechnic to both the condensed phase and gas phase products. There i s n o mass exchange between t h e combined system and t h e surroundings.
T h e only heat exchange within t h e combined system is from the condensed phase products to the gas phase products.
T h e rate o f this heat transfer i s assumed to be sufficiently large such that thermal equilibrium between the product subsystems exists. Both product subsystems are allowed to interact across the system boundary in the form of heat exchanges.
T h e g a s phase products a r e allowed t o d o 501 ). This assumption naturally introduces some error as the product species mass fractions can vary with changes i n pressure, temperature, a n d volume encountered during t h e devices' operation. However, except for times (<0.01 ms) which are small relative to typical device operation times (-0.5 ms), t h e pressure a n d temperature are such that the mean specific heat and molecular weight are essentially constant. These quantities differ b y a factor near 2 at early times, but the integrated effect of this error is small. The advantage in this approach is that the product gases can be modeled a s a single gas; consequently, t h e equations, which with variable mass fractions form a nonlinear differentialalgebraic system o f very large dimension, c a n b e reduced t o a much simpler nonlinear system of five differential equations.
The component gases are taken to be ideal with temperature-dependent specific heats. Such a n assumption m a y i ntroduce some error at elevated pressures as has been recently documented f o r similar systems.
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T h e specific heats a r e i n t h e form o f fourth-order polynomial curve fits given b y t h e CET89 code and are not repeated.
Using principles of mixture theory, a set of mass and energy evolution equations c a n b e written f o r each subsystem. These equations are coupled with an equation of motion for the pin t o form a s e t o f ordinary differential equations:
T h e independent variable i n t h e mass fraction o f t h e products which a r e i n t h e condensed phase r} cp ; t h e p i n cross-sectional area A p , which is also the area of the burning surface; and the mass of the pin m p .
Equations (1-3) describe the evolution of mass of the solid pyrotechnic, condensed phase products, and gas phase products, respectively. Equations (4-6) describe the evolution of energy for the solid pyrotechnic, condensed phase products, and g a s phase products, respectively. Equation ( 7 ) i s t h e equation of motion for the pin.
Geometrical and constitutive relations used to close Eqs. (1-7) a r e a s follows:
(15)
Here, and throughout this article, brackets [ ] are used to denote a functional dependence o n t h e enclosed variable. Equations ( 8 ) a n d ( 9 ) a r e geometrical constraints. Here, Vis the volume of the combined system. Equation (10) is a thermal equation of state for the gas phase products. Occurring in this expression a r e t h e g a s phase pressure P g , t h e g a s phase temperature T g , and the ideal gas constant for the gas phase products R (the quotient o f t h e universal g a s constant a n d the mean molecular weight o f t h e product gases).
T h e p yrotechnic burn rate r i s given b y E q . (11). Caloric equations o f state f o r t h e solid pyrotechnic, condensed phase products, and gas phase products are given by Eqs. (12-14) , respectively. Here, T s is the temperature of the solid pyrotechnic, and T cp is the temperature of the condensed phase products. Also, Y s ., Y cp ., Y gj , N s , N cp , a n d N g a r e t h e constant mass fractions and number of component species of solid pyrotechnic, condensed phase product, a n d g a s phase product species, respectively. The subscript / denotes an individual species. Since f o r both ideal gases a n d condensed phase species, the internal energy is only a function of temperature, the specific heat at constant volume for the solid pyrotechnic c v , the condensed phase products c Vc , and the gas phase products c , c a n b e obtained v i a term-by-term differentiation of the caloric equations of state with respect to their temperature. Expressions for the specific heats at constant volume are given by .
Equation (18) gives an expression for the rate of heat transfer from t h e condensed phase products t o t h e g a s phase products. In this expression, h cpg is a constant heat transfer parameter, and A cp is the surface area of the condensed phase products.
T
T h e functional form o f these models will b e given below. Equation (21) models pressure-volume work done by the expanding g a s i n moving t h e pin. Equation (22) models t h e force on the pin due to the gas phase pressure and a restraining force d u e t o t h e shear pins which a r e used t o initially hold the p i n i n place. Here, F crit i s t h e critical force necessary t o cause shear pin failure. The work associated with shearing the pin is not considered. .
Due to the assumption of a large heat transfer rate between the condensed phase a n d g a s phase product subsystems (i.e., hA-+ °°), t h e product subsystems remain i n thermal equilibrium for all time. Therefore, we take T p = T cp = T g , with T p representing the temperature of both product subsystems. With this assumption, one can define a net rate Q p governing the rate of heat transfer from the surroundings to the product subsystems: 
. Here, i t h a s been necessary to define a new variable, V, which represents the time derivative of combined system volume:
Mathematical Reductions
The goal here is to find the specific form of / and to show how all other variables can be written as functions of x. First, Eqs. (1-3) can be added to form a homogeneous differential equation expressing the conservation of the combined system's mass:
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Integrating this equation, applying initial conditions which are denoted b y t h e subscript "0," using E q . ( 8 ) 
Now, with t h e assumption o f a uniform temperature f o r t h e product subsystems and using Eq. (27), Eq. (10) can be used to express P g as functions of V, V s , V cp , and T p :
With a knowledge o f P K , Eqs. (11) a n d (22) c a n b e written in the following forms, respectively:
With the assumption that p s and p cp are constant, the remaining mass evolution equations, Eqs. (1) and (2) The addition of Eqs. (5) and (6) results in a single expression governing the evolution of the combustion products' energy:
Here, t h e n e t heat transfer rate given b y E q .
(23) h a s been incorporated. Multiplying E q . ( 2 ) b y e cp , multiplying E q . ( 3 ) by e g , and subtracting these results from Eq. (35) yields:
Using Eqs. (16) and (17) to re-express the derivatives in terms of T p , using the work expression given by Eq. (21) (9), (25), and (30) into Eq. (7), is given by the following:^J
Equations (25), (31), (32), (37), a n d (38) form t h e desired set. Initial conditions a r e V(t = 0) = V,(
All other quantities o f interest c a n b e obtained once these equations are solved.
Results
In this section, numerical solutions to the model equations a r e presented f o r t h e simulated firing o f a n N S I into t h e p i n puller device. Also, predicted pressure histories for the simulated firing of an NSI into a 10-cm 3 closed bomb vessel and into a n apparatus known a s t h e Dynamic Test Device will b e presented in order to further corroborate model predictions with available data. The numerical algorithm used to perform t h e integrations w a s a n explicit stiff ordinary differential equation solver given i n t h e standard code LSODE.
T h e calculation time for a single simulation was typically a few seconds on a desktop workstation.
The Table 2 .
Pin Puller Simulation
Predictions a n d measurements 13 o f pressure histories f o r the pin puller are given in Fig. 3 . In the experiments, one port contained t h e N S I a n d t h e other a pressure transducer. Here, a rapid pressure rise is predicted up to a maximum value near 56.0 MPa occurring 0.06 ms after combustion initiation; t h e pressure then decreases t o 23.9 M P a a t completion of the stroke (0.47 ms). The rapid pressure rise is attributable to gases generated during combustion. The peak pressure occurs near t h e time o f combustion extinction, a n d t h e subsequent pressure decay i s d u e t o t h e combined effect o f heat transfer t o t h e surroundings a n d work done b y t h e expanding gas in moving the pin. Figure 4 gives the predicted temperature history for the combustion product mixture. Figure  5 illustrates t h e partitioning o f t h e total energy o f the combined system between the total internal energy of the solid pyrotechnic, the total internal energy of the combustion product mixture, the kinetic energy of the pin (labeled "work"), and the energy lost to the surroundings as heat. As combustion proceeds, the total internal energy of the solid pyrotechnic decreases.
A s t h e specific internal energy o f t h e solid pyrotechnic is constant, the decrease in the total internal energy of the solid pyrotechnic is purely due to volumetric change. During the same time, the total internal energy of the combustion products increases t o such a n extent that t h e products contain nearly a l l o f t h e combined system's energy. Very little energy i s used i n moving t h e p i n o r lost t o t h e surroundings during this time. Following completion of the combustion process, about 1 0 % o f t h e combined system's energy i s used in retracting t h e pin. F o r t h e particular parameters used here, about 1 % o f t h e combined system's energy i s lost t o t h e surroundings due to heat transfer. The predicted kinetic energy of the pin at completion of the stroke is 32.6 J. Experimentally observed values f o r t h e p i n kinetic energy a t completion o f t h e stroke a n d stroke time a r e typically near 2 3 J a n d 0.50 ms, respectively. Both t h e higher value f o r t h e predicted p i n kinetic energy a n d t h e lower value f o r t h e predicted stroke time are consistent with the fact that frictional effects, which would tend to retard the motion of the pin, have not been accounted for in the model.
Closed Bomb Simulation
Closed bomb firings are commonly used as a standard measure of the energy output of pyrotechnic cartridges. In closed bomb testing, a pyrotechnic cartridge is fired into a constant volume bomb, a n d t h e resulting pressure rise i s measured with pressure transducers. A relevant NASA standard requires that the firing of an NSI into a 10-cm 3 bomb shall produce a peak pressure of 650 ± 125 psi [4.48 ± 0.86 MPa] within 5 ms.
14 The predicted pressure history for this simulation is presented in Fig. 6 . Also presented in this figure are experimentally observed values.
14 Excluding work exchange with the surroundings, the predicted trends are the same as those presented f o r t h e p i n puller simulation.
Dynamic Test Device Simulation
The Dynamic Test Device is a device which was also designed to define and compare the energy production capabilities of pyrotechnic cartridges. The NSI cartridge output is delivered into a small initial free volume (1.24 cm 3 ) t o thrust a 1-in.-(2.54-cm-) diam, 1-lb mass (453.6 g ) cylindrical piston through a 1-in. (2.54-cm) stroke. The resulting pressure is measured with pressure transducers a n d t h e energy output i s measured a s t h e average kinetic energy, measured through laser velocimetry, o f t h e piston during t h e stroke.
T h e predicted a n d experimental 14 pressure histories a r e shown in Fig. 7 . Predicted trends a r e t h e same a s those presented above for the pin puller simulation. The predicted average kinetic energy o f t h e piston i s 45.6 J . This compares t o e xperimentally observed values near 30.0 J. The higher value for t h e predicted kinetic energy o f t h e piston c a n again b e considered consistent with the neglect of friction in the model.
Model Sensitivity
This section gives results showing t h e sensitivity o f t h e model to variations in the burn rate parameters b and n and the heat transfer parameters h, a, a n d e. F o r this study, w e u s e t h e predicted pin puller solution as the baseline solution (baseline parameters given i n Table  2 ) . T h e sensitivity o f t h e model i s determined b y solving t h e p i n puller problem a n d finding t h e parametric dependency o f t h e p i n kinetic energy a t completion of the stroke.
Model sensitivity t o changes i n t h e burn rate parameters b and n is shown in Figs. 8 and 9 , respectively. In these figures, t h e predicted kinetic energy o f t h e p i n a t completion o f t h e stroke has been nondimensionalized by the total energy released b y t h e combustion process (326.2 J ) . F o r b > 2 . 0 x 10 4 (dyne/cm 2 )" 074 cm/s or n > 0.65, corresponding to fast burning rates, the ratio of the predicted kinetic energy of the pin at completion of the stroke to the total combustion energy approaches a n approximately constant peak value o f 0.10 (32.6 J). For smaller values of these parameters, corresponding to slower burning rates, t h e predicted kinetic energy o f t h e p i n at completion o f t h e stroke decreases a s t h e rate o f heat transfer to the surroundings becomes more significant.
Model sensitivity to changes in the convective heat transfer coefficient h and the radiative heat transfer parameters a and e is shown in Figs. 10 and 11 
Conclusions
This article has presented a methodology which can be used t o model dynamic events associated with t h e firing o f pyrotechnically actuated devices.
T h e model h a s demonstrated reasonable success in predicting experimentally observed time scales and pressure magnitudes associated with the operation of a p i n puller device. Results o f t h e sensitivity analysis reveal that, in order to obtain optimal pin puller performance, the burning rate of the pyrotechnic should be large and the convective rate of heat transfer from the product mixture to the surroundings should b e small. Results o f t h e sensitivity analysis further show that, outside of certain critical burn rate and convective heat transfer parameter ranges, t h e variable which is of actual engineering interest, namely the pin's kinetic energy, i s insensitive t o changes i n these parameters. Consequently, it may not be necessary to have a great deal of precision in making estimates for these parameters; only certain bounds need be specified.
The model can be easily extended to relax certain modeling assumptions. Such extensions might account for nonideal gas effects, mass choking as the combustion products exit the port, variations i n t h e equilibrium product composition with temperature and pressure, and multiple pyrotechnic grains with variable grain sizes. More advanced studies should relax t h e assumption o f a well-stirred reactor t o allow f o r spatial variations. This would allow one to 1) better model the interaction between product gases and condensed phase products, 2) include effects of diffusion, 3) include effects of turbulence, and 4) consider nonlinear wave dynamics. Such a step would require the solution of a set of partial differential model equations, which significantly complicates t h e analysis. Lastly, i f accurate burn rate data f o r Zr/KClO 4 becomes available, i t should b e incorporated into t h e model.
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